The goal of this study was to investigate Achilles tendon tissue displacement patterns under passive and eccentric loading conditions. Nine healthy young adults were positioned prone on an examination table with their foot secured to a rotating footplate aligned with the ankle. Subjects cyclically rotated their ankle over a 251 range of motion at 0.5 Hz. An inertial load geared to the footplate induced eccentric plantarflexor contractions with dorsiflexion. Passive cyclic ankle motion was also performed over the same angular range of motion. An ultrasound transducer positioned over the distal Achilles tendon was used to collect radiofrequency (RF) images at 70 frames/s. Two-dimensional ultrasound elastographic analysis of the RF data was used to track tendon tissue displacements throughout the cyclic motion. Nonuniform tissue displacement patterns were observed in all trials, with the deeper portions of the Achilles tendon consistently exhibiting larger displacements than the superficial tendon (average of 0.9-2.6 mm larger). Relative to the passive condition, eccentric loading consistently induced smaller tissue displacements in all tendon regions, except for the superficial tendon in a flexed knee posture. Significantly greater overall tissue displacement was observed in a more extended knee posture (301) relative to a flexed knee posture (901). These spatial-and posture-dependent displacement patterns suggest that the tendon undergoes non-uniform deformation under in vivo loading conditions. Such behavior could reflect relative sliding between the distinct tendon fascicles that arise from the gastrocnemius and soleus muscles.
Introduction
The frequency and type of tendon loading is an important determinant of injury potential and mechanobiological responses. For example, Achilles tendinopathies are most commonly observed in individuals involved in activities that subject the tendon to repetitive loading (e.g., running) (Maffulli et al., 2003) . It has been hypothesized that this repetitive loading gives rise to the localized fibrillar damage and tissue degeneration that develops in tendinopathies (Riley, 2008) . However, somewhat paradoxically, exercises involving repeat eccentric loading of the injured tendon have shown effectiveness in treating some individuals with mid-substance tendinopathies (Alfredson, 2003; Fahlstrom et al., 2003; Maffulli et al., 2008) . Although the underlying mechanism of this conservative treatment is not well understood, it is believed that the shear loading induced via eccentric exercises may stimulate the tenocytes to induce anabolic responses (Fong et al., 2005; Maeda et al., 2011) . These observations highlight the importance of understanding tissue deformation patterns that arise from different in vivo loading paradigms.
There is increasing recognition that architectural features can give rise to complex deformation patterns within tendons. For example, micromechanical studies have demonstrated that tendon tissue stretch likely involves a combination of fascicle stretch and inter-fascicle sliding (Thorpe et al., 2013 (Thorpe et al., , 2012 . These observations are highly relevant to the Achilles tendon, which consists of distinct fascicles arising from the soleus, medial gastrocnemius and lateral gastrocnemius muscles (Szaro et al., 2009) . Distally, the architecture of the Achilles tendon is characterized by a helical twist which causes the relative positioning of these fascicles to vary along the Achilles length. In the mid-substance of the free Achilles tendon, the fascicles from the medial gastrocnemius are located in the superficial portion of the tendon, and fascicles from the soleus are primarily in the mid and deep portions of the tendon (Szaro et al., 2009 ). This complex architecture, paired with independent loading from the soleus and gastrocnemius muscles (Arndt et al., 1999; Ivanenko et al., 2004; Winter and Yack, 1987) , contributes to the potential for development of non-uniform deformation in the free Achilles tendon.
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Quantitative ultrasound techniques have recently emerged that allow for the assessment of in vivo behavior of the Achilles tendon. For example, prior studies have used ultrasound-based manual tracking of anatomical landmarks to show that different amounts of strains are taken up by the free tendon and aponeurosis (Arampatzis et al., 2005; Magnusson et al., 2001 Magnusson et al., , 2003 Magnusson et al., , 2001 . Along-tendon non-uniform deformation could arise from variations in loading along the aponeurosis (Finni et al., 2003) as well as spatially varying tendinous tissue stiffness (DeWall et al., 2014) . However, much less is known about spatial variations in tendon deformation across the tendon thickness. A prior study using ultrasound speckle tracking discovered variations in tissue displacement between the superficial, mid and deep layers of the Achilles tendon during passive stretch (Arndt et al., 2012) , which suggested the existence of differential stretch in tendon fascicles that originate in the soleus and gastrocnemius muscles. It is likely that such behavior could vary with active muscle loading and limb posture, given that knee flexion shortens gastrocnemius muscletendon operating lengths. Indeed, prior studies have shown that gastrocnemius contributions to ankle plantarflexor strength are greatly reduced in flexed knee postures (Arampatzis et al., 2006; Cresswell et al., 1995) .
The goal of this study was to use ultrasound elastography (Chernak and Thelen, 2012; Slane and Thelen, 2014) to measure Achilles tendon displacement patterns under both passive and eccentric loading conditions in two knee postures. We hypothesized that eccentric loading would induce more non-uniform tendon motion than observed under passive stretch. We also hypothesized that knee posture would alter relative tendon tissue motion between the soleus and gastrocnemius portions of the Achilles tendon, due to a posture-induced change in loading sharing between gastrocnemius and soleus fascicles. Specifically, we hypothesized that when the knee is extended, distal tendon tissue motion would increase in the more taut gastrocnemius muscle-tendon unit.
Methods
Nine healthy young adults (5 F/4 M; 2471 yrs) with no selfreported history of Achilles tendon injury were recruited for this study. Written consent was obtained from each subject as per our Institutional Review Board requirements prior to testing. Subjects were first asked to walk at a comfortable pace for six minutes to pre-condition the plantarflexor muscle-tendon units (Hawkins et al., 2009 ). Subjects were then positioned prone on an examination table with their foot secured in a rigid shoe, which was then attached to a rotating footplate (Fig. 1) . Care was taken to adjust the axis of the footplate to ensure that it aligned well with the sagittal ankle axis of rotation. The footplate was coupled via a stiff belt and gear-train to rotating inertial disks. Eccentric plantarflexor activity was used to decelerate the rotating disks as the ankle moved toward peak ankle dorsiflexion. Loads were recorded using two load cells (LCM300 Futek, Irvine, CA) mounted on the belts of the loading assembly and recorded at 1000 Hz. Ankle angle was simultaneously recorded using an encoder mounted on the footplate rotation shaft. Load cell and encoder data were subsequently used in post-hoc inverse dynamic analyses to compute the internal sagittal ankle moment.
Subjects performed eccentric and passive ankle trials at fixed knee flexion angles of 301 and 901, referred to as extended and flexed knee postures, respectively. In eccentric trials, subjects were asked to cyclically dorsi-and plantarflex their ankle between 0 and 301 of plantarflexion at a rate of 0.5 Hz. Assuming the subject performs the task sinusoidally, the task induces a peak angular speed of $ 90 1/s in the middle of the range of motion. A metronome was used to guide the cyclic rate, and subjects were provided real-time angular feedback to maintain the desired range of motion. Inertial disks on the loading device induced eccentric ankle plantarflexor moments, with the peak load of $ 30 Nm occurring when the subject was near their most dorsiflexed position. For both knee angles, inactive passive trials were also conducted in which a researcher guided the ankle through the same range of motion at the same cyclic rate as in the eccentric loading trials. Subjects were instructed to remain relaxed in the passive trials and the researcher monitored the footplate loading to ensure compliance. Trial order was randomized, and subjects were given one minute of practice with each loading condition prior to data collection.
Rectangular ultrasound standoff pads (178 Â 127 mm 2 , 16 mm thick) were created by heating a commercial pad (Aquaflex, Parker Laboratories, Fairfield, NJ) and letting it settle in a mold. The standoff pad was placed over the Achilles tendon and secured with an elastic ankle brace. A 10 MHz linear array transducer was then manually positioned to image the Achilles tendon, with the inferior edge of the transducer positioned just superior to the superior edge of the calcaneus (Fig. 1b) . For each test condition, three eight-second trials of cine ultrasound radiofrequency (RF) data were collected of the Achilles tendon at 70 frames/sec. All trials were then visually reviewed to ensure that out-of-plane motion was small and that tendon fascicles remained in view throughout loading. At least one trial for each of the subjects and for each of the loading conditions met the required criteria and was included in the analysis.
Tissue displacements were computed retrospectively from the RF data. Tissue tracking was performed using a 2D crosscorrelation based elastography technique that has been described previously (Chernak and Thelen, 2012) , and validated in phantom and ex vivo experiments (Chernak and Thelen, 2012; Slane and Thelen, 2014) . Briefly, ankle angle data were used to define each cycle of motion, with the most plantarflexed position designated as the cycle start. To ensure that only tendinous tissue was Fig. 1 . An overview of the experimental setup and image analysis. Inertial disks were used to induce eccentric plantarflexor contractions when moving from a plantarflexed to dorsiflexed position. An ultrasound transducer placed over the distal Achilles tendon was used to collect RF data throughout the cyclic trials. In post-hoc analysis, initial nodal positions were defined within the tendon from an image collected in the most plantarflexed position. Two-dimensional elastography was then used to track the subsequent motion of nodes located in superficial, mid and deep portions of the tendon.
included, a region of interest (ROI) was manually defined within an image of the Achilles tendon from the most plantarflexed position. A grid of nodes was then positioned (spaced: 0.5 Â 0.2 mm 2 ) within the ROI (8.1 Â 2.3 mm 2 ). Frame-to-frame nodal motion was assessed by finding the displacements that maximized the cross-correlation of rectangular kernels (2 mm Â 1 mm) centered at the nodes in each pair of successive frames. Nodal displacements were regularized using a 2nd order surface fit . Nodal tracking was repeated in the reverse direction and a weighted average of the nodal displacement trajectories from the forward and backward tracking results was computed (Pelc et al., 1995) . Displacement profiles for each trial were computed by averaging the along-fiber nodal displacements into twelve bins across the thickness of the tendon. For each bin, we computed the distal displacement when moving from the most plantarflexed to the most dorsiflexed angle. For statistical comparison, we then further averaged the nodal displacements into three equally sized depths of the tendon: superficial, mid and deep. A repeated measures ANOVA was used to evaluate the effects of loading condition (passive, eccentric) and depth (superficial, mid, deep) on the absolute distal tendon displacements. To evaluate loading effects on non-uniformity, we computed the relative displacements between specific region (superficial, mid, deep) and the displacement of the whole ROI. A repeated measures ANOVA was used to evaluate the effects of loading condition and depth on these relative displacements. Tukey post-hoc analyses (po 0.05) were used to test the primary hypotheses.
Results
Achilles tendon thickness averaged 4.5 ( 70.5) mm for the 9 subjects tested. There were no significant differences in ankle angular excursion (25.6 7 1.71) between the passive motion and eccentric loading conditions (Fig. 2a) . In the eccentric condition, the device induced a peak ankle plantarflexor moment (33.6 7 8.3 Nm) in a nearly fully dorsiflexed posture (Fig. 2b) . No significant difference in peak ankle moment was observed between eccentric loading tasks performed in extended and flexed knee postures. However, peak ankle moment did occur slightly and significantly earlier in the loading cycle for the flexed knee case (Extended: 577 3% of cycle, Flexed: 527 4% of cycle, p ¼0.007).
Non-uniform tissue displacement patterns were observed across the tendon thickness, with the greatest displacement observed in the deeper tissue for all four test conditions (Fig. 3) . Knee angle had a significant effect on the magnitude of tissue displacements observed, with greater mid and deep tissue displacement (p o0.002) observed in the extended knee posture relative to the flexed knee posture for both loading conditions in the mid and deep portions of the tendon (Fig. 4) . Superficial tissue displacements were greater in the extended posture for the passive loading condition but not the eccentric loading condition. In the extended knee posture, significantly greater displacements were measured in the passive loading condition than in eccentric loading condition at all depths (p o0.0002). In the flexed knee Fig. 2 . Average ( 7 1 s.d.) temporal patterns of the plantarflexion angle and internal ankle moment over an eccentric task motion cycle, with 0% corresponding to the most plantarflexed position. Ankle range of motion and peak ankle moment were not significantly different when performed with 301 and 901 of knee flexion. Fig. 3 . The average (across 9 subjects) peak nodal displacements (negative corresponds with distal) at different tissue depths for passive (Pass) and eccentric (Ecc) loading tasks. Larger tissue displacements were observed when the knee was extended (Ex; 301) compared with when the knee was flexed (Fl; 901). posture, significantly greater passive displacements were only observed in the mid and deep portions of the tendon (p o0.0002).
There were depth-dependent significant (po 0.03) differences in the relative tissue displacements between the superficial and mid layers for all four tasks (Fig. 5) . Differences between the mid and deep tissue displacements were only significant under the passive flexed condition (p o0.05).
Discussion
Our data suggest that the Achilles tendon undergoes nonuniform displacement during both passive and eccentric plantarflexor loading. Specifically, we consistently observed greater displacement in the mid and deep tendon relative to the more superficial tendon when dorsiflexing the ankle. Similar displacement patterns were previously observed with passive dorsiflexion (Arndt et al., 2012) and may reflect the tendon undergoing shear deformation and variable stretch over the tendon cross-section. Such behavior may be relevant to consider when assessing both injury factors and mechanobiological stimuli.
Contrary to our first hypothesis, we did not consistently observe an increase in the non-uniformity of tendon motion with eccentric loading relative to passive loading. This hypothesis was based on the idea that eccentric loading may generate greater tissue shear stress and fluid flow that stimulates tenocytes to induce anabolic responses (Grigg et al., 2009 ). However, it should be noted that the eccentric exercises commonly performed for Achilles tendinopathy involve considerably larger loading than used in this study. Further, heavy slow resistance training has been suggested as an alternative to eccentric loading (Kongsgaard et al., 2009 ) in treating patellar tendinopathy, which we did not evaluate in this study. Thus, although this study suggests non-uniform deformation arises with eccentric loading on the tendon, further study is needed to determine how load magnitude and type may affect tissue displacement patterns. Such data are needed to translate mechanobiological studies that demonstrate the importance of tissue loading for promoting tissue homeostasis and repair responses (Fong et al., 2005; Maeda et al., 2011) into efficacious rehabilitation exercises that may best alleviate symptoms in patients with Achilles tendinopathy (Alfredson, 2003; Fahlstrom et al., 2003; Maffulli et al., 2008) .
We did observe a significant effect of knee angle on tendon tissue motion (Fig. 4) . As hypothesized, we generally observed greater tendon displacements in the extended knee posture relative to the flexed knee posture under both passive and eccentric loading conditions. The only exception to this was in the superficial Achilles, which exhibited similar motion in extended and flexed knee postures under eccentric loading. Greater distal displacement would imply that the portion of the tendon distal to the ROI is undergoing less stretch with dorsiflexion when the knee is extended. This posture effect could result from the more stretched gastrocnemius inducing a preload that stiffens the Achilles tendon, thereby reducing the additional stretch that arises with dorsiflexion. We observed knee flexion to affect motion in all three tissue layers. Although biomechanically, knee flexion only affects the muscle-tendon length of the biarticular gastrocnemius, a change in gastrocnemius muscle length can alter the relative load sharing across the triceps surae (Cresswell et al., 1995) . Indeed, there is evidence of a posture-dependent change in load sharing in our data. When the knee was flexed, eccentric loading significantly altered motion in the mid and deep portions of the tendon but not in the superficial tendon (Fig. 4) . This may reflect preferential loading of the soleus in a flexed knee posture, since the shortened gastrocnemius is at a length poorly tuned for force generation (Arampatzis et al., 2006; Cresswell et al., 1995) . Greater soleus loading would potentially increase the distal stretch of the mid and deep fascicles of the Achilles tendon, thereby contributing to the observed reduction in displacement with eccentric loading.
There is ample anatomical evidence of the intricate hierarchical structure of the tendon that likely affects internal deformations. Distinct bundles of fascicles arise from the medial gastrocnemius, lateral gastrocnemius and soleus. These fascicle bundles intertwine and undergo approximately a 901 helical twist distally (White, 1943) . We imaged the free Achilles tendon, with the distal edge of our image located slightly proximal to the superior calcaneus. The ROI was centered on the tendon and positioned proximally to allow for the distal translation to remain within the image during dorsiflexion. Anatomically at this position, we believe that superficial displacements of the ROI would primarily reflect the portions of the tendon arising from the medial gastrocnemius, with the mid and deeper displacements of the ROI most likely reflecting fascicles arising from the soleus (Szaro et al., 2009) . Lateral gastrocnemius tendon fascicles do twist and appear in deeper layers in the most distal portion of the Achilles tendon, but likely were not a major component of the ROI at the level of the tendon we tracked. Therefore, the non-uniform motion that we observed may reflect relative sliding between the tendon fascicles originating in the medial gastrocnemius and soleus. This explanation would be consistent with recent in vitro tendon studies that have suggested that inter-fascicle sliding is an important component of tendon micromechanical behavior (Thorpe et al., 2013 (Thorpe et al., , 2012 .
It was somewhat surprising that we observed less motion in the superficial Achilles tendon relative to the mid and deep tendon. The moment arm about the ankle would be larger for the superficially positioned fascicles of the medial gastrocnemius and thus could be expected to undergo greater displacement with dorsiflexion. However, there are three potential explanations for our observations. First, it is possible that the tendon fascicles originating in the medial gastrocnemius are more compliant, resulting in greater stretch distal to the ROI and thus less displacement within the image window. Indeed, the longer length of the distal gastrocnemius tendon relative to the soleus distal tendon (Cummins et al., 1946) may result in it having lower compliance. Alternatively, it is possible that there is a component of twist to the motion of the gastrocnemius fascicles during dorsiflexion that is not captured in our two-dimensional tracking technique. In this case, the motion we measured would not be purely a function of dorsiflexion and tendon stretch. A third explanation is that a portion of the superficial tendon we imaged could originate from lateral gastrocnemius muscle fascicles, which rotate distally and insert onto the anterior aspect of the calcaneus. This anterior insertion would diminish the tendon moment arm about the ankle. It should be noted that anatomical studies have reported a fairly wide variation in Achilles tendon architecture, such that it is challenging to ascertain the specific fascicles being imaged based on location alone. There are a few limitations in this study to consider. An important component of this study was the evaluation of non-uniform tendon motion under distinct loading conditions and limb postures. To maintain a consistent ankle excursion across different tasks, visual biofeedback of ankle angle was used to guide task performance. Thus, the repeatability of this approach was dependent on the subjects' or researchers' ability to maintain the desired range of motion at the desired rate. This method was effective at controlling ankle angle excursions, with no significant differences measured between conditions. However, we did measure a slight change in the timing of eccentric loading patterns (Fig. 2) . Our analyses were defined based on displacements between peak plantarflexion and peak dorsiflexion, such that the small change in load timing could have contributed to some of the posture effects observed in the eccentric loading paradigm. The fact that we observed similar posture effects under both passive and eccentric loading conditions (Fig. 3) would suggest this was not a major factor.
A second challenge is the use of 2D ultrasound imaging to capture motion from a 3D structure. This is a limitation that is present in many studies that have used 2D ultrasound to characterize Achilles tendon motion and deformation with loading (Arampatzis et al., 2005; Arndt et al., 2012; Maganaris, 2003; Magnusson et al., 2003; Muramatsu et al., 2001) . We have previously performed extensive validation studies of our elastographic tracking technique on ex vivo tendon loading paradigms and found that displacement estimates are highly correlated (R 2 40.92) with displacements obtained by tracking markers on the tissue surface . We also used a qualitative evaluation of the data to reduce the number of trials that contained significant out-of-plane motion. Future studies will involve further validation of the ability to measure localized tissue strains to provide additional insight into tissue deformations. Thus, although we are unable to capture the out-of-plane motion that can arise from tendon twist, we are fairly confident in the capacity of this method to track motion within the image plane. In summary, this study provides evidence of depth-dependent tissue displacements across the Achilles tendon cross-section under both passive and eccentric loading conditions. We observed knee angle to play a significant role in altering tendon tissue motion, with greater tendon tissue displacements measured when the knee was extended. Eccentric loading was also observed to alter Achilles tendon tissue displacements in both knee postures, but in the flexed posture only the mid and deep portions of the tendon were affected. These spatial-and posture-dependent motion patterns suggest that the Achilles tendon undergoes nonuniform deformation under in vivo loading conditions. Such behavior could reflect relative sliding between the distinct tendon fascicles that arise from the gastrocnemius and soleus muscles.
